Context. The inner layers of circumstellar envelopes around AGB stars are sites where a variety of processes such as thermochemical equilibrium, shocks induced by the stellar pulsation, and condensation of dust grains determine the chemical composition of the material that is expelled into the outer envelope layers and, ultimately, into interstellar space. Aims. We aim at studying the abundances, throughout the whole circumstellar envelope of the carbon star IRC +10216, of several molecules formed in the inner layers in order to constrain the different processes at work in such regions. Methods. Observations towards IRC +10216 of CS, SiO, SiS, NaCl, KCl, AlCl, AlF, and NaCN have been carried out with the IRAM 30-m telescope in the 80-357.5 GHz frequency range. A large number of rotational transitions covering a wide range of energy levels, including highly excited vibrational states, are detected in emission and serve to trace different regions of the envelope. Radiative transfer calculations based on the LVG formalism have been performed to derive molecular abundances from the innermost out to the outer layers. The excitation calculations include infrared pumping to excited vibrational states and inelastic collisions, for which up-to-date rate coefficients for rotational and, in some cases, ro-vibrational transitions are used. Results. We find that in the inner layers CS, SiO, and SiS have abundances relative to H 2 of 4 × 10 −6 , 1.8 × 10 −7 , and 3 × 10 −6 , respectively, and that CS and SiS have significant lower abundances in the outer envelope, which implies that they actively contribute to the formation of dust. Moreover, in the inner layers, the amount of sulfur and silicon in gas phase molecules is only 27 % for S and 5.6 % for Si, implying that these elements have already condensed onto grains, most likely in the form of MgS and SiC. Metal-bearing molecules lock up a relatively small fraction of metals, although our results indicate that NaCl, KCl, AlCl, AlF, and NaCN, despite their refractory character, are not significantly depleted in the cold outer layers. In these regions a few percent of the metals Na, K, and Al survive in the gas phase, either in atomic or molecular form, and are therefore available to participate in the gas phase chemistry in the outer envelope.
Introduction
The carbon star envelope IRC +10216 is among the best studied astronomical objects (Morris 1975; Glassgold 1996; Mauron & Huggins 1999; Cernicharo et al. 2000; Millar et al. 2000) . The central low-mass AGB star CW Leo, losing mass at a high rate (1-4 × 10 −5 M yr −1 ), is embedded in a dense and nearly spherical circumstellar envelope composed of molecular gas and dust particles. Being a relatively nearby source (110-170 pc), it is one of the brightest infrared objects and richest molecular sources -with more than 80 molecules detected -in the sky. IRC +10216 is the prototype of carbon star and a challenging source for chemical models.
Molecules observed in IRC +10216 form either in the atmosphere of the central AGB star, from where they are expelled (parent species) or in situ in the outer envelope (daughter species). Interferometric maps show that molecular emisBased on observations carried out with the IRAM 30-meter telescope. IRAM is supported by INSU/CNRS (France), MPG (Germany), and IGN (Spain). sion peaks either on the star or farther out in a hollow shell of radius 10-20 (Lucas et al. 1995; Guélin et al. 1997) . The parent species are formed in the dense and hot atmosphere at thermochemical equilibrium (TE), although the formation of dust grains, shocks, and the penetration of interstellar ultraviolet photons through the clumpy envelope (Agúndez & Cernicharo 2006; Cherchneff 2006; Agúndez et al. 2010) can make molecular abundances to deviate from TE. The chemical composition in the inner layers is key as this material, once incorporated in the outflowing wind, constitutes the basis for the rich photochemistry and ion-neutral chemistry that takes place in the outer envelope layers.
Probing molecular abundances in the warm (1000-2000 K) and dense (10 8 -10 14 cm −3 ) inner layers requires the observation of high energy rotational or ro-vibrational lines that lie in the submillimeter and infrared regions of the spectrum, which can hardly be observed from the ground. Efforts to this end were undertaken by Keady & Ridgway (1993) and Boyle et al. (1994) , who observed with ground-based telescopes absorption lines due to ro-vibrational transitions of C 2 H 2 , CH 4 , SiH 4 , CS, SiO, NH 3 , and SiS near 10 and 13.5 µm. Fonfría et al. (2008) made a sensitive spectral survey in the 11-14 µm range that unveiled a forest of ro-vibrational lines arising from C 2 H 2 and HCN. A recent interferometric spectral survey in the 0.9 mm atmospheric window by Patel et al. (2011) allowed to detect a good number of narrow unidentified lines arising from the innermost envelope, inside the acceleration region, that they tentatively assign to molecular rotational transitions within excited vibrational states.
Space missions now freely explore spectral regions not accessible from the ground. ISO observed a full infrared scan from 2.4 to 197 µm, albeit with a low spatial and spectral resolution, that probed the inner layers of IRC +10216 through the lines of abundant molecules such as CO, C 2 H 2 , and HCN (Cernicharo et al. 1996 . More recently, spectral surveys carried out with Herschel with a high angular resolution have detected many high energy rotational transitions of molecules such as CO, HCN, CS, SiS, SiO, and SiC 2 , at low spectral resolution using SPIRE and PACS in the 55-672 µm range (Decin et al. 2010a) , and at high spectral resolution in the GHz range covered by HIFI .
Here we present an exhaustive analysis of the abundance and excitation conditions of several molecules formed in the inner layers of IRC +10216, based on high sensitive observations within the full frequency coverage of the IRAM 30-m telescope . We focus on the parent molecules CS, SiO, SiS, NaCl, KCl, AlCl, AlF, and NaCN. The cases of CO, HCN, and SiC 2 , also formed in the inner layers and reachable by the IRAM 30-m telescope, have been treated recently (De Beck et al. 2012; Fonfría et al. 2008; Cernicharo et al. 2010 Cernicharo et al. , 2011 . The observation of a large number of rotational transitions covering a wide range of excitation energies coupled to radiative transfer calculations allows us to derive accurate abundances throughout the envelope. Rotational transitions of CS, SiO, and SiS in highly excited vibrational states are observed; for SiS up to v=5, with energy levels above 3600 cm −1 (5200 K). They put severe constraints on the abundance of these species in the innermost regions. Together with low energy transitions, the abundance can be tracked from the inner to the outer layers, allowing to evaluate the effects of shocks, grain formation, and gas phase chemistry.
Astronomical observations
The mm-wave observations of IRC +10216 on which the present study is based were made with the IRAM 30-m telescope on Pico Veleta (Spain). They cover the main atmospheric windows, at λ3 mm (80-116 GHz), λ2 mm (129-183.5), and λ1 mm (197-357.5) . The observations at 3 and 2 mm were carried out between 1986 and 2008 using the old ABCD SIS receivers. A large part of the λ2 mm data have been already presented as a spectral survey (Cernicharo et al. 2000) . At λ3 mm, the most sensitive observations were obtained after 2002 in the context of a coherent line survey not yet published (Cernicharo et al. in preparation) . Part of the spectra at 1 mm were obtained from 1999 to 2008 using the ABCD receivers although most of the data, in particular all spectra with frequencies above 258 GHz, were observed from December 2009 to December 2010 with the new low-noise wide-band EMIR receivers, in the context of a line survey (Kahane et al. in preparation) .
Both the old ABCD and the new EMIR receivers are dual polarization and operate in single side band. Image side band rejections are >20 dB at 3 mm and 2 mm, ∼10 dB at 1 mm with ABCD receivers, and ≥10 dB at 1 mm with EMIR receivers. Identification of image side band lines during the observations with ABCD receivers was done through shifts in the local oscillator frequency. This was not necessary with EMIR receivers because of the markedly different rejection of the horizontal and vertical polarizations. The backends provided spectral resolutions between 1 and 2 MHz. The coarser resolution was used above 258 GHz where it corresponds to ≤2.3 km s −1 , still good enough to resolve the lines in IRC +10216's spectra which have typical widths of 20-30 km s −1 .
The observations were made in the wobbler switching observing mode by nutating the secondary mirror by ±90 or ±120 at a rate of 0.5 Hz. The intensity in Figures and Tables is expressed in terms of T * A , the antenna temperature corrected for atmospheric absorption and for antenna ohmic and spillover losses. T
The pointing and focus of the telescope were checked every 1-2 h on nearby planets or the quasar OJ 287. The error in the telescope pointing is estimated to be 1-2 . The main beam of the IRAM 30-m telescope is given by HPBW( ) = 2460/ν(GHz), so that it ranges from 30 at 80 GHz to 7 at 360 GHz.
IRC +10216 is a variable source with a period of 649 days and a variation in the infrared (IR) flux from maximum to minimum phase of 2.2 mag at 1.2 µm and 0.6 mag at 18 µm (Le Bertre 1992). Since our observations were carried out over a time span of several years, we checked for possible time variation in the intensity of some lines, especially those that are radiatively excited. Most of the studied lines in the λ3 and λ2 mm bands were observed at various epochs corresponding to different IR phases. As previously discussed in Cernicharo et al. (2000) , we have found no evidence of time variability of the line intensities that exceeds the calibration uncertainties and could be ascribed to changes of the IR flux. Calibration uncertainties, mostly linked to corrections of atmospheric absorption and pointing errors, are estimated to be ≤10 % at 3 mm, ≤20 % at 2 mm, and ≤30 % at 1.3 mm. Most of the lines at wavelengths shorter than 1.1 mm were observed just once, so that no constraints can be put on their time variability.
Observations of CS cover the J = 2 − 1 to J = 7 − 6 rotational transitions of the v = 0 state, some rotational transitions of the excited vibrational states v = 1, 2, 3, as well as several transitions of the rare isotopomers 13 CS, C 34 S, and C 33 S (see Table 1 ). For SiO, we observed the J = 2 − 1 through J = 8 − 7 rotational transitions of the v = 0 state and 3 transitions of the v = 1 state, as well as several rotational transitions of the rare isotopomers 29 SiO, 30 SiO, Si 18 O, and Si 17 O (see Table 2 ). In the case of SiS, rotational transitions from J = 5 − 4 to J = 19 − 18 are observed in vibrational states up to v = 5. A good number of lines of the ground and excited vibrational states were also observed for the rare isotopomers 29 SiS, 30 SiS, Si 34 S, and Si 33 S (see Table 3 ). Finally, rotational transitions of several metal-bearing molecules were observed in their ground vibrational states, including the halides NaCl, KCl, AlCl, and AlF, and the cyanide NaCN. For this latter, rotational transitions with upper quantum numbers J = 5 to J = 23 and K a = 0 to K a = 10 were clearly detected, while in the cases of the chlorine-containing molecules both the 35 Cl and 37 Cl isotopomers were detected (see Tables 4, 5 , 6, 7, and 8). 
Physical model of IRC +10216
The physical model consists of a spherical envelope of gas and dust expanding around a central AGB star. The parameters adopted are given in Table 9 . The assumed distance to IRC +10216 is 130 pc (Men'shchikov et al. 2001 ). We consider an AGB star with an effective temperature T * of 2330 K ), a radius R * of 4 × 10 13 cm (0.021 , which is consistent with the value of 0.022 derived from infrared interferometry by Monnier et al. 2000) . The adopted values for T * and R * imply a stellar luminosity of 8750 L , within the range 5200-13,000 L given by Men'shchikov et al. (2001) . The adopted stellar mass is 0.8 M (Winters et al. 1994; Men'shchikov et al. 2001) .
The dust condensation radius R c is located at 5 R * and the end of the dust acceleration region R w at 20 R * , with the gas expansion velocity being 5 km s −1 for the regions inner to R c , 11 km s −1 in the dust acceleration region, and 14.5 km s −1 beyond R w (see Fig. 1 ), in agreement with IR studies of the inner layers of IRC +10216 (Keady & Ridgway 1993; Fonfría et al. 2008) . The adopted microturbulence velocity ∆v turb is 5 km s −1 at the stellar photosphere, decreasing down to 1 km s −1 at R c ; see Table 9 ). Beyond R c we consider a constant microturbulence velocity of 1 km s −1 , within the range of values 0.65-1.5 km s −1 derived in the literature (Skinner et al. 1999; De Beck et al. 2012) .
The mass loss rate and gas kinetic temperature in the envelope are derived from the modeling of the rotational lines J = 1 − 0 to J = 16 − 15 of 12 CO and 13 CO observed with the IRAM 30-m telescope and HIFI (see De Beck et al. 2012) . We used a non-local radiative transfer code (Daniel & Cernicharo 2008) , and adopted an abundance of CO relative to H 2 of 6 × 10 −4 (Crosas & Menten 1997; Skinner et al. 1999 ) and an abundance ratio 12 CO/ 13 CO of 45 (Cernicharo et al. 2000) . We derive a mass loss rate of 2 × 10 −5 M yr −1 , and a gas kinetic temperature that varies with radius as r −0.55 for regions inner to 75 R * , as r −0.85 between 75 and 200 R * , and as r −1.40 beyond 200 R * (see Fig. 1 ).
As concerns dust, we consider spherical grains of amorphous carbon with a radius of 0.1 µm, a mass density of 2 g cm −3 , and Fig. 1 . Particle density n, gas kinetic temperature T k , and expansion velocity v exp as a function of radius in the inner layers of IRC +10216.
the optical properties of Suh (2000) . The dust continuum is modeled using a ray-tracing code that propagates the specific intensities along a set of impact parameters which are subsequently convolved with the telescope beam. The model does not include scattering, which becomes important only at short wavelengths, below 5 µm. From the modeling of the envelope spectral energy distribution (see Fig. 2 ) we find a gas-to-dust mass ratio of 300 and a dust temperature (T d ) radial distribution of the form T d = 800 K × (r/R c ) −0.375 . The variation of the density of gas particles with radius is different depending on the region of the envelope. In the static stellar atmosphere, that extends from the photosphere up to a radius R 0 which we take as 1.2 R * , the density is given by hydrostatic equilibrium
where G and k are the gravitational and Boltzmann constants, respectively, α is the exponent in the kinetic temperature law (α = 0.55), and m g is the mean mass of gas particles (2.3 amu, after considering H 2 , He, and CO). In the dynamic atmosphere , as given by photometric measurements (blue crossed boxes; values taken from Le Bertre (1992) and from the IRAS Point Source Catalog), and as calculated by the dust model (red line).
shock waves induced by the pulsation of the star extend the circumstellar material. For this region, that extends from R 0 up to R c , we utilize the equation proposed by Cherchneff (1992) :
where γ is a dimensionless parameter expressing the ratio of the shock strength to the local escape velocity (γ = 0.89, see Cherchneff 1992) . Finally, beyond the dust condensation radius R c , the density at each radius in the envelope is given by the law of conservation of mass
which results in a density profile varying as r −2 , with jumps at R c and R w , which reflect the jumps in the adopted expansion velocity profile (see Fig. 1 ).
The treatment of the density profiles is similar to that adopted in Agúndez & Cernicharo (2006) , except that we have updated some parameters, such as the stellar mass, and we now do not use anymore the phenomenological parameter K n in Eq. (2). The density scale is fixed by the mass loss rate through Eq. (3), and afterwards Eqs. (1) and (2) determine the density gradient from R c down to the photosphere. These two latter equations involve several uncertain parameters. For example, the stellar mass is not accurately known although it can be confined to the range 0.6-1 M , based on theoretical arguments and on the late AGB stage of IRC +10216 (Winters et al. 1994 ). This relatively small error on the stellar mass translates into an uncertainty of a factor of 5 for the density at R 0 . At this point it is worth to note that densities in the inner layers of IRC +10216 are not particularly well constrained by observations and differ by orders of magnitude between different modeling studies. For example, Willacy & Cherchneff (1998) adopted, in their chemical model of the inner wind, a density of 3 × 10 11 cm −3 at 5 R * rising up to 4 × 10 14 cm −3 at 1.2 R * , while Schöier et al. (2006a) , in their model aimed at interpreting SiO observations, adopted a value of about 2 × 10 8 cm −3 at 5 R * rising up to 3 × 10 10 cm −3 close to the photosphere. In our model, densities in the inner layers are in between the two above cases, with a value of 1.8 × 10 14 cm −3
at R * , 8 × 10 11 cm −3 at R 0 , and (0.6-1.3) × 10 9 cm −3 at R c . The density of particles is therefore more uncertain in the inner layers than in the outer envelope, and this uncertainty translates to the molecular abundances derived (see more details in Sec. 4.3).
Radiative transfer modeling
The calculation of the excitation and emergent line profiles for the different molecules studied here has been done with a multi-shell radiative transfer program based on the LVG (Large Velocity Gradient) formalism, which is described in Agúndez (2009) . Briefly, the spherical circumstellar envelope is divided into several concentric shells, and statistical equilibrium equations are solved in each of them. The radiation field J ν at the frequency ν of each transition, needed to solve the statistical equilibrium equations, is evaluated in each shell through an escape probability formalism as
where S ν is the local source function, I bg ν is the specific intensity of the background radiation field, and β is the so-called escape probability, evaluated as (1 − e −τ ν )/τ ν for an expanding spherical shell (Castor 1970) , with τ ν being the optical depth in the radial direction within the corresponding shell. The contributions of both gas and dust are included in the computation of S ν and τ ν . The background radiation field arriving at a given shell is composed of the cosmic microwave background, the stellar component (geometrically diluted and properly propagated through the inner dusty shells), and the dust emission arising from the outer shells.
Apart from the radiation at millimeter wavelengths involved in the observed rotational transitions, infrared radiation plays an important role for the excitation of some molecules through the pumping to excited vibrational states. According to the above description, the source of this infrared radiation in each shell is on one side local (emission from the warm dust contained in the shell that contributes to the local source function) and on the other side external (arising from the surrounding shells containing warm dust heated by the stellar radiation).
Molecular data
The radiative transfer calculations require as input spectroscopic and collision excitation data. Spectroscopic data has been obtained from a catalog developed by one of us (J. Cernicharo), which has been previously used in Cernicharo et al. (2000) and will be published soon. As concerns collision data, ideally one would need rate coefficients for inelastic collisions with H 2 and He involving a large enough number of energy levels and covering a wide enough range of temperatures. Since this is not often the case, some approximations must be considered. In this study we have adopted the following rules for all the studied molecules. Inelastic collisions with both H 2 and He (with an abundance of 0.17 relative to H 2 ; Asplund et al. 2009 ) have been considered. When no rate coefficients for collisions with H 2 were available, as is the case of CS, we scaled those calculated for He by multiplying them by the squared ratio of the reduced masses of the H 2 and He colliding systems. When rate coefficients were available for both ortho and para H 2 , an ortho/para ratio of 3 was assumed. Wherever we needed rate coefficients involving rotational levels higher than those included in the quantum calculations, we computed them by using the Infinite Order Sudden (IOS) approximation (Goldflam et al. 1977) . No extrapolation in temperature has however been made outside the temperature validity range of the quantum calculations. Finally, the collision excitation rates have been systematically computed from the deexcitation rates applying detailed balance. More details are given below for individual molecules.
-CS: we have considered the first 50 rotational levels within the vibrational states v = 0, 1, 2, 3. The level energies and transition frequencies were calculated from the Dunham coefficients provided by Müller et al. (2005) , the line strengths for rotational transitions were computed from the dipole moments for each vibrational state µ v=0 = 1.985 D, µ v=1 = 1.936 D (Winnewisser & Cook 1968) Chandra et al. (1995) for the P(1) transition of each vibrational band (see e.g. Tipping & Chackerian 1981) . Rate coefficients for de-excitation through inelastic collisions with H 2 and He were taken from Lique et al. (2006) , who calculated coefficients for collisions with He including the first 31 rotational levels and up to tem-peratures of 300 K, and from , who included the first 38 rotational levels within the first 3 vibrational states and computed collision coefficients for rotational and rovibrational transitions at temperatures between 300 and 1500 K.
-SiO: the first 50 rotational levels of the v = 0 and v = 1 vibrational states have been included. The Dunham coefficients given by Sanz et al. (2003) , the dipole moments µ v=0 = 3.0982 D and µ v=1 = 3.1178 D measured by Raymonda et al. (1970) , and the Einstein coefficient for the v = 1 − 0 P(1) transition calculated by Drira et al. (1997) were used to compute the line frequencies and strengths. The collision rate coefficients calculated by Dayou & Balança (2006) for the first 20 rotational levels and for temperatures up to 300 K were adopted. For temperatures higher than 300 K and for ro-vibrational transitions we adopted the collision rate coefficients used for CS.
-SiS: we have included the first 70 rotational levels within the v = 0, 1, 2, 3, 4, 5 vibrational states. The Dunham coefficients and the dipole moment of 1.735 D given by Müller et al. (2007) , together with the dipole moments for ro-vibrational transitions given by López have been used to compute level energies and Einstein coefficients. The rate coefficients of rotational de-excitation through collisions with He and ortho/para H 2 have been taken from the calculations of Vincent et al. (2007) and , which extend up to temperatures of 200-300 K. For higher temperatures and for ro-vibrational transitions the collision rate coefficients calculated by Toboła et al. (2008) were used.
-Metal halides: the spectroscopic properties of NaCl, KCl, AlCl, and AlF are relatively well known , 2004 , Hedderich et al. 1993 , Hedderich & Bernath 1992 . The permanent electric dipole moment is very large for NaCl (9.00117 D; De Leeuw et al. 1970) and KCl (10.269 D; van Wachen & Dymanus 1967) , and noticeably smaller for AlCl and AlF, 1-2 D and 1.53 D, respectively (Lide 1965) . For AlCl we adopted a value of 1.5 D, in agreement with the estimation of Lide (1965) and the value previously used by Cernicharo & Guélin (1987) . We have not included vibrationally excited states since no lines involving such states are observed in IRC +10216, and since vibrational line strengths for those molecules are poorly known. Recently, Gotoum et al (2011 Gotoum et al ( ,2012 have calculated the rate coefficients for AlF deexcitation through collisions with He and para H 2 up to temperatures of 300 and 70 K, respectively. We have also used those rate coefficients for AlCl, which has a similar dipole moment than AlF. For NaCl and KCl, we have adopted the values used for SiS, which extend up to higher temperatures. The lack of accurate collision rate coefficients at high temperatures for these metal halides introduce significant uncertainties in the derived abundances.
-NaCN: we consider rotational levels within the ground vibrational state up to J = 29. The rotational constants used to compute the level energies were derived from a fit to the line frequencies measured in the spectrum of IRC +10216 and in the laboratory by 2 . The dipole moment of NaCN is calculated to be 8.85 D (CDMS 1 ). Due to the lack of calculated collision data for NaCN we use the following approximate formula to compute the de-excitation rate coefficients γ due to collisions with H 2 :
where and stand for upper and lower level, respectively, and γ has units of cm 3 s −1 . Eq. (5) gives a first approximation of collision rate coefficients for asymmetric rotors, resulting in values within one order of magnitude of those calculated for asymmetric rotors such as SO 2 (Green 1995) and HCO + 2 (Hammami et al. 2007 ). We, nevertheless, note that the use of this approximate formula may introduce significant errors in the excitation and abundance of NaCN.
The lack of collision rate coefficients for AlCl, NaCl, KCl, and NaCN may introduce important uncertainties in the derived abundances. We may in fact question whether the choice of the collision rate coefficients for these molecules is more adequate than the simple assumption of local thermodynamic equilibrium (LTE). In the case of AlCl, the choice of the collision coefficients calculated for AlF does not seem a bad approach based on the similar dipole moment and mass of both molecules. In any case, the observed lines of AlCl (see discussion in Sec. 4.3) arise from regions where the level populations are very close to thermalization, and therefore both the use of collision coefficients and the LTE approach yield similar results. This is not the case for NaCl, KCl, and NaCN (see also discussion in Sec. 4.3), for which the assumption of LTE results in a very bad agreement with the observed lines (the calculated low-J lines are much too weak and the high-J lines are too strong). We are therefore confident that our choice of the collision rate coefficients for NaCl, KCl, and NaCN yields more reliable abundances than the mere assumption of LTE.
Modeling strategy
Once the physical parameters of the envelope, described in Sec. 3, and the spectroscopic data and collision rate coefficients, detailed in Sec. 4.1, have been established, the only remaining parameter needed to compute the emergent line profiles is the abundance radial profile for each of the studied molecules.
As a first trial, we start with a constant abundance from the stellar photosphere up to the outer layers where molecules are photodissociated by interstellar ultraviolet photons. The abundance fall off due to photodissociation is calculated with a simple chemical model where the photodissociation rates are parameterized as a function of the visual extinction A V . Photodissociation rates for CS and SiO (this latter adopted also for SiS) are taken from van Dishoeck et al. (2006) , for NaCl (adopted also for KCl and AlCl) it is taken from van Dishoeck (1998), while for AlF and NaCN we have adopted the educated guess 10 −9 s −1 exp(−1.7 × A V ). The visual extinction at each radius r is derived by the N H /A V ratio, 2.7 × 10 21 cm −2 , derived from our adopted dust parameters and gas-to-dust mass ratio, where N H is the column density of total hydrogen nuclei from the radius r up to the end of the envelope. The intensity adopted for the local interstellar radiation field is half that of the standard field of Draine (1978) ; see a discussion on this point in Agúndez & Cernicharo (2006) . Once the abundance fall-off due to photodissociation is determined, line profiles are calculated and compared to the observations. Then, for each molecule, the initial abundance is progressively varied until the calculated line profiles match the observed ones.
A constant abundance profile does not always yield a satisfactory fit to the observed line profiles. More specifically, for some molecules it is found that the calculated intensity is overestimated for low-J lines and underestimated for high-J lines, implying a larger fractional abundance in the warm inner layers than in the cold outer regions. Such abundance gradient, likely caused by condensation on grains, has been calculated through a simple chemical model which considers that from the condensation radius R c gas phase molecules may me adsorbed onto grain surfaces, with a rate proportional to a sticking coefficient, the thermal velocity of the molecules, the geometrical section of the dust grains, and the number of dust grains per unit volume. All such parameters are fixed by the physical model described in Sec. 3, except for the sticking coefficient which is varied for each molecule until the calculated low-J and high-J line profiles agree with the observed ones. The radial abundance profiles obtained in this way show a pronounced gradient after R c and become nearly flat at a radius of about 2 × 10 15 cm. This approach does not pretend to precisely simulate the condensation process, but at least yields a smooth abundance transition between the inner and the outer layers of the envelope and gives satisfactory results.
Still, with the approach described above, the calculated high-J lines of some metal-bearing molecules show extra emission at the line center, compared with the observed line profiles. This implies that the innermost regions, where the expansion velocity is small, contribute too much in the model to the overall line emission. In such cases we have allowed for a step-like abundance decrease in the innermost regions, from the photosphere up to about 3 R * , where thermochemical equilibrium prevails (see Agúndez & Cernicharo 2006) . The best fit model, and so the final abundance profile, for each molecule is chosen on the basis of the best overall agreement between the calculated and the observed line profiles. The obtained abundance profiles are further discussed for individual molecules in Sec. 5.1.
Results of the radiative transfer modeling
The observed rotational lines of CS, SiO, and SiS are plotted in Figs. 3, 4, and 5, respectively, together with the line profiles calculated through the radiative transfer model. In Fig. 12 we plot the derived abundance profiles. For these three molecules the observed lines cover a wide range of upper level energies, up to 5500 K for CS (level v = 3, J = 7), 1830 K for SiO (level v = 1, J = 7), and 5440 K for SiS (level v = 5, J = 19), so that they sample different regions of the envelope. Lines from the ground vibrational state trace the cool mid and outer layers while vibrationally excited lines trace the warm material located in the innermost regions (r 5 R * ). The reader may note that line widths of vibrationally excited states are significantly narrower than those of the ground vibrational state, indicating that the emission in these lines comes from the innermost regions where the gas has not been yet accelerated up to the terminal expansion velocity of 14.5 km s −1 . As shown in Fig. 3 , there is a good overall agreement between calculated and observed line profiles for CS, except for the v = 1, J = 3 − 2 line whose observed intensity is substantially larger than calculated. This line is probably affected by a maser amplification, as indicated by the high spectral resolution observations made by Highberger et al. (2000) . These authors point towards a mechanism based on infrared pumping to the v = 1 state, something that is included in our radiative transfer treatment, but does not produce a maser amplification in this line. A more likely mechanism for this relatively weak maser could be the overlap of ro-vibrational CS lines with those of abundant molecules such as SiO, a mechanism that explain the maser emission observed in oxygen-rich AGB stars in several rotational transitions of 29 SiO and 30 SiO, and of SiO in the v = 3 and v = 4 vibrational states (González-Alfonso & Cernicharo 1997), and in some SiS rotational lines within the ground vi- The excitation of CS throughout the envelope is dominated by collision processes although the absorption of infrared photons emitted by the central star and by the warm dust also plays an important role. Radiative pumping at 8 µm populates the vibrationally excited states, enhancing the emission in lines such as the v = 3 J = 7 − 6 (whose levels lie 5500 K above the ground state and which otherwise would not be detectable), but also, through downward cascades, affects the population of the v = 0 rotational levels. Therefore, a proper treatment of infrared pumping warrants a correct estimation of the abundance in the inner layers (through the vibrationally excited lines) and allows also to accurately determine the abundance in the outer envelope, which would be overestimated by about 30 % if IR pumping were neglected. According to our analysis, the abundance of CS relative to H 2 is 4 × 10 −6 in the inner layers and drops to 7 × 10 −7 in the outer layers (see Fig. 12 ). The estimated uncertainty of the abundance is 50 % in the outer envelope, and a factor of 2 for the regions inner to R c , where densities are more uncertain. Fig. 3 shows the improvement in the fit to the line profiles brought by the two abundance components model.
In the case of SiO, we have observed the J = 2 − 1 through J = 7 − 6 lines of the ground vibrational state as well as 3 lines of the v = 1 state. As shown in Fig. 4 , there is a good agreement between calculated and observed line profiles. A slight difference is however found in the v = 0 line shapes (calculated are parabolic while observed have a slight double-peak character), which may be indicative of a more extended SiO envelope. A better agreement is found, rather than by extending SiO to larger radii, by enhancing its excitation in the outer layers. A possible source for the required additional excitation could be provided by shells with enhanced density, known to be present in the outer layers of IRC +10216 (see Mauron & Huggins 1999; Cordiner & Millar 2009; De Beck et al. 2012) , or by an infrared pumping larger than given by our model. We have nevertheless not attempted to improve the agreement for SiO, which overall is satisfactory enough, by modifying the physical model, since this would affect all the other molecules. The excitation of SiO levels in the model is very similar to that found for CS, i.e., is controlled by inelastic collisions with H 2 while radiative pumping at 8 µm affects the intensities of the v = 0 rotational lines by about 30 % and completely dominates the excitation of the vibrationally excited states. The derived SiO abundance, 1.8 × 10 −7 relative to H 2 , remains constant from the innermost layers up to the photodissociation region (see Fig. 12 ). The uncertainty in the abundance is estimated to be 50 % in the outer layers, rising to a factor of 2 in the inner regions, which are sampled by just a few vibrationally excited lines and where densities are more uncertain.
Silicon monosulphide (SiS) has been observed in a large number of rotational lines covering the v = 0 through v = 5 vibrational states (see Fig. 5 ). The analysis of this molecule is complicated by the fact that some rotational lines within the ground vibrational state (concretely the J = 11−10, J = 14−13, and J = 15 − 14) show a profile with enhanced emission due to maser amplification at certain velocities, which are probably caused by the overlap at 13.5 µm of ro-vibrational transitions of SiS with those of C 2 H 2 and HCN (Fonfría Expósito et al. 2006) . The agreement between calculated and observed line profiles is somewhat poorer than in the cases of CS and SiO. On the one hand our radiative transfer calculations do not include infrared overlaps, something that clearly affects the three maser lines previously mentioned but can also have an influence on the excitation of other vibrationally excited lines (see Fonfría Expósito et al. 2006) , and on the other hand the observed intensity of some high frequency lines may have non negligible errors due to calibration (estimated to be around 30 % in the λ0.9 mm band), to pointing inaccuracies (which are typically <2 , although the main beam of the IRAM 30-m telescope is as small as 7 at 360 GHz and vibrationally excited lines have an emission size of less than 1 ), or even due to time variability (difficult to evaluate due to the lack of observations at different times in the λ0.9 mm band). Infrared pumping affects little the level populations within the ground vibrational state of SiS, but controls, at practically the same extent than collisions, the excitation of the vibrationally excited lines. As in the case of CS, we need to increase the abundance of SiS in the inner layers with respect to that in the outer envelope. We derive for SiS an abundance relative to H 2 of 3 × 10 −6 in the inner layers, decreasing down to a value of 1.3 × 10 −6 in the mid and outer layers (see Fig. 12 ). The estimated uncertainty in the abundance of SiS is a factor of 2 in the inner layers and 60 % for the outer envelope.
The metal halides NaCl, KCl, AlCl, and AlF are all observed through rotational transitions within the ground vibrational state. No vibrationally excited lines are detected, probably because of the low abundance of these species. The observed and calculated line profiles of Na 35 Cl and K 35 Cl are shown in Fig. 6 and Fig. 7 , respectively. These two species have similar dipole moments, so that the larger intensity of the NaCl lines largely reflects its larger abundance with respect to KCl. The abundance derived for Na 35 Cl in the inner layers is 1.3 × 10 −9 relative to H 2 (with an uncertainty of a factor of 2), although we find necessary to decrease the abundance in the thermochemical equilibrium region (1-3 R * ) down to a value of 10 −11 (see Fig. 13 ) to avoid a too strong emission for the high-J lines near the central velocity (see Fig. 6 ). In the case of K 35 Cl the derived abundance profile is somewhat more elaborated (see Fig. 13 ). KCl abundance is found to have a slight gradient going from 5 × 10 −10 at 5 R * down to 3.7 × 10 −10 in the outer layers, with an estimated error of a factor of 2. As with NaCl, the abundance is decreased in the 1-3 R * region, although in this case by just a factor of 2.5.
The observed and calculated line profiles of Al 35 Cl and AlF are shown in Fig. 8 and Fig. 9 , respectively. AlCl and AlF have a much smaller dipole moment than NaCl, but show similar line intensities, which suggest they are fairly more abundant. Radiative transfer calculations confirm this point and yield abundances relative to H 2 of 5 × 10 −8 for Al 35 Cl and 10 −8 for AlF (with an uncertainty of 50 % increasing up to a factor of 2 in the regions inner to R c ). In the thermochemical equilibrium region (1-3 R * ) the abundance of Al 35 Cl is decreased, as for Na 35 Cl and K 35 Cl, by a factor of 5 (see Fig. 13 ). It is worth to note that the observed lines of AlF are slightly more U-shaped than those of AlCl. Such behavior can be accounted for to some extent by assuming that AlF is more extended than AlCl due to a lower photodissociation rate, as assumed in our model (see Sec. 4.2) . Still the observed line profiles of AlF have a slightly more pro- nounced U-shape than calculated (see Fig. 9 ). Here, as occurs with SiO (see above), a better agreement cannot be obtained by extending AlF to larger radii, but by enhancing the excitation of AlF in the outer layers. In fact, assuming LTE excitation for AlF brings the calculated line profiles in close agreement with the observed ones. This is somewhat paradoxical since AlF is the only metal-bearing molecule for which collision rate coefficients have been calculated. This slight discrepancy is, never- theless, unlikely to have a significant impact on the AlF derived abundance.
The excitation of the metal halides in IRC +10216 is likely to be dominated by inelastic collisions. The role of infrared pumping to vibrationally excited levels, not included in our radiative transfer calculations, is difficult to evaluate mostly due to the lack of ro-vibrational line strengths. To get a rough idea of the importance of infrared pumping we have run radiative transfer models including the first vibrationally excited state. As dipole moment for the v=1→0 band we have adopted that of SiS (0.13 D), scaled by the ratio of the halide to SiS permanent electric dipole moments. These calculations indicate that infrared pumping does not significantly affect the intensities of the observed lines, except for the high−J lines of NaCl which are slightly more intense with respect to the case when infrared pumping is not included. We may conclude that it is unlikely that infrared pumping plays an important role in the excitation of the v = 0 rotational levels of these metal halides, which is very likely dominated by collision processes. Even in the absence of IR pumping, the ground vibrational state populations of metal halides depart from LTE, according to our statistical equilibrium calculations. Fig. 10 shows, for selected rotational transitions, the calculated ratio of the excitation to kinetic temperature as a function of radius. We see that for the 4 metal halides this ratio is equal to 1 in the inner layers, i.e. the rotational levels are thermalized, whereas at larger radii the decrease in density makes rotational levels to be subthermally populated yielding excitation temperatures lower than the kinetic temperature. NaCl and KCl, with a large dipole moment, start to deviate from thermalization at radii much shorter than AlCl and AlF, which due to their moderately low dipole moments keep close to thermalization throughout a large part of the envelope. This suggests that the choice of the collision rate coefficients should not be critical for AlCl and AlF.
Finally, as concerns the cyanide NaCN, a fairly large number of rotational lines within the ground vibrational state has been observed (see Fig. 11 ). Although the agreement between calculated and observed line profiles is overall satisfactory, taking into account the large uncertainty of the collision rate coefficients, the calculated high−J high−K a lines are too strong and the low−J and low−K a lines too weak. We note that the discrepancy is larger if we replace statistical equilibrium calculations by LTE. The adopted photodissociation rate of NaCN is also very uncertain (see Sec. 4.2). Our model points toward a lower pho- todissociation rate than adopted, which would extend the NaCN envelope increasing the intensity of low−J lines, although this conclusion is hampered by the uncertain collision rates adopted, which are likely to cause most of the observed discrepancies. The role of infrared pumping to vibrationally excited states is difficult to evaluate due to the lack of spectroscopic and line strengths data for such states. The derived abundance for NaCN is 3 × 10 −9 relative to H 2 , with an estimated uncertainty of a factor of 3. Decreasing the NaCN abundance in the 1-3 R * region, down to a very low value (10 −12 ), improves somewhat the fit to the observed high−J high−K a lines.
Discussion

Molecular abundances
A compilation of molecular abundances for the inner layers of IRC +10216, resulting from this work and from previous studies, is given in Table 10 . The abundance profiles derived in this study are shown in Fig. 12 for CS, SiO, and SiS, and in Fig. 13 for NaCl, KCl, AlCl, AlF, and NaCN. For chlorinecontaining molecules, the abundances given in Table 10 and shown in Fig. 13 In Fig. 12 and Fig. 13 we also show the abundances computed under thermochemical equilibrium, which is expected to be valid from the stellar photosphere up to a radius of ∼3 R * , from which the decrease in density and temperature causes an increase in the chemical time scale so that the abundances experience a quenching effect (see Agúndez & Cernicharo 2006) . The thermochemical equilibrium calculations use solar elemental abundances (Asplund et al. 2009 ), except for carbon whose abundance is increased over the oxygen value by a factor of 1.5. More details on the thermochemical equilibrium calculations can be found in Agúndez (2009) . By looking at Fig. 12 and Fig. 13 , we note that for most of the studied molecules -a notable exception is CS -the abundance calculated under thermochemical equilibrium shows a positive gradient in the 1-3 R * region, i.e. the abundance close to the photosphere is much lower than in the surroundings of the quenching region (∼3 R * ). This behavior justifies the decrease in abundance in the 1-3 R * region adopted for various metal-bearing molecules.
For some species (CS, SiS, and KCl) we have found necessary to consider a negative gradient in the abundance, with a higher value in the inner layers than in the mid and outer regions, in order to adequately reproduce the wide range of low-and high-energy observed transitions. The scientific rationale for such a gradient is that the studied molecules contain refractory elements and are likely to deplete from the gas phase to condense onto dust grains. Therefore, we consider that the gradient starts at the condensation radius R c and continues up to a radius of a few 10 15 cm. Farther out, at about 10 16 cm all molecules start to be photodissociated by the ambient interstellar ultraviolet field. The observation of a large number of rotational lines for the different molecules studied, involving levels with a wide range of energies (including highly excited vibrational levels) allows us to trace the material, and therefore to determine the abundance, from the innermost layers out to the outer envelope.
Carbon monosulphide (CS) is found to have an abundance relative to H 2 of 4 × 10 −6 in the inner layers, decreasing in the mid envelope down to a value of 7 × 10 −7 at a radius of 2 × 10 15 cm, which serves as input value for the photochemistry taking place in the outer envelope (see Fig. 12 ). Our estimate for the inner layers may be compared with the results of the thermochemical equilibrium calculations, which yield a steep abundance gradient around the quenching region, from 2 × 10 −5 at 2 R * down to 3 × 10 −11 at 4 R * . The intersection of our derived abundance profile with that calculated under thermochemical equilibrium indicates that the abundance of CS is quenched at a radius of 2.4 R * . The model built by Willacy & Cherchneff (1998) , which considers the effect of shocks induced by the stellar pulsation on the chemistry, predicts abundances somewhat lower in the inner layers, 2-6 × 10 −7 in the 2.7-5 R * region. Our findings for the inner layers are in perfect agreement with the previous results of Keady & Ridgway (1993) , who derive an abundance of 4 × 10 −6 for the region inner to 17 R * from −6 within a radius of 7 R * , which are based on observations of rotational lines in vibrationally excited states and an analysis involving column densities and mean excitation temperatures. As concerns the abundance in the mid and outer envelope, our estimate, 7 × 10 −7 , is somewhat higher than the previous value derived by Henkel et al. (1985) , 1.2 × 10 −7 , based on the observation of low−J rotational lines within the ground vibrational state.
For silicon monoxide (SiO) we derive an abundance relative to H 2 of 1.8 × 10 −7 , from the innermost circumstellar layers up to the photodissociation region. Yet, as in the case of CS, chemical equilibrium calculations (see Fig. 12 ) yield a steep gradient near the quenching region, with a value as low as 3 × 10 −10 at 2 R * increasing up to 10 −6 at 4 R * . The quenching radius for SiO would be located around 3.6 R * , somewhat farther than that of CS. We find no evidence of such a low SiO abundance in the innermost layers, perhaps because only a few vibrationally excited lines tracing this region enter in our analysis. Calculations based on chemical kinetics (see model MH in Fig. 3 of Agúndez & Cernicharo 2006) indicate that the abundance of SiO increases when moving away from the photosphere due to the reaction between Si and CO, which after a few stellar radii becomes too slow compared to the dynamical time scale, so that the abundance of SiO gets quenched. The chemical model with shocks of Willacy & Cherchneff (1998) predicts an abundance of 2-7 × 10 −7 in the 1.9-5 R * region, which is in good agreement with our derived value.
As concerns previous observational studies, one of the most complete dealing with the abundance of SiO in IRC +10216 is that made by Schöier et al. (2006a) , who used observations of several rotational lines within the ground vibrational state, interferometric observations of the v = 0 J = 5 − 4 line, as well as ro-vibrational lines observed at 8 µm to derive the abundance of SiO throughout the envelope. They found an abundance of 3 × 10 −8 from the photosphere up to 1.7 × 10 14 cm, a high abundance component of 1.5 × 10 −6 extending up to 4.5 × 10 14 cm (which is necessary to reproduce the ro-vibrational lines observed), and an abundance of 1.7 × 10 −7 from this latter radius up to the outer layers. The main difference with our results is that Schöier et al. (2006a) find necessary to adopt a high abundance component in the inner layers. A higher abundance than derived by us, 8 × 10 −7 , was also found by Keady & Ridgway (1993) in their analysis of the observations at 8 µm. These authors adopt lower densities than us for the inner layers, they assume that Eq. (3) applies down to the photosphere, and this could explain the higher abundances they get. On the other hand, the abundance derived by Keady & Ridgway (1993) for CS is in very good agreement with our value (see above), in spite of the very different densities adopted for the inner regions. Given the different nature of the lines used to trace the abundance in the inner layers, infrared ro-vibrational lines versus millimeter rotational lines in vibrationally excited states, it is difficult to explain why the abundances found by Keady & Ridgway (1993) and by us are different for SiO but not for CS. A forthcoming study of new high spectral resolution observations (R∼100,000) of IRC +10216 around 8 µm obtained from ground (Fonfría et al. in preparation) will help to solve the discrepancy found between our derived SiO abundance and that found by Keady & Ridgway (1993) .
More recently, Decin et al. (2010a) have observed a large number of SiO rotational transitions in IRC +10216, some of them in the v = 1 state, at low spectral resolution with the SPIRE and PACS instruments on board Herschel. These authors derive an abundance of 10 −7 for SiO from the innermost regions up to the outer layers, in good agreement with our findings.
According to our best model, silicon monosulphide (SiS) is present in the inner layers with an abundance relative to H 2 of 3 × 10 −6 , decreasing in the mid envelope down to a value of 1.3 × 10 −6 at a radius of 2 × 10 15 cm. As shown in Fig. 12 , the thermochemical equilibrium abundance of SiS shows a steep gradient, rising from 10 −7 at the photosphere up to a maximum value of 2.6 × 10 −5 beyond 2.5 R * . Our derived abundance is substantially lower than this latter value, which points towards the SiS abundance being quenched in a region inner to 2.5 R * , concretely at 1.9 R * , as deduced from the intersection of the continuous and dashed lines in Fig. 12 . Calculations based on chemical kinetics (Willacy & Cherchneff 1998; Agúndez & Cernicharo 2006) result in SiS abundances of 2-3 × 10 −5 in the regions inner to 5 R * , about one order of magnitude larger than the value we find. These models are, however, affected by uncertainties due to the poor knowledge of rate constants for reactions involving Si-and S-bearing species.
As concerns previous observational studies, there is a general consensus on the presence of a gradient in the abundance of SiS, with reported values in the range 10 −6 -10 Schöier et al. 2007 ). The more recent study of Decin et al. (2010a) , based on observations with SPIRE and PACS that are particularly sensitive to the warm inner envelope, reports a SiS abundance of 4 × 10 −6 , in good agreement with our finding for the inner layers. (1) SiS 3 × 10 (1 
Notes: a Abundance in the 1-3 R * region is reduced to 1 × 10 −11
(NaCl), 2 × 10 −10 (KCl), 1 × 10 −8 (AlCl), and 1 × 10 −12 (NaCN). References: (1) this study (NaCl, KCl, and AlCl abundances include both 35 Cl and 37 Cl isotopomers); (2) Fonfría et al. (2008); (3) Keady & Ridgway (1993) ; (4) The most abundant sulfur-bearing molecules in IRC +10216 are therefore CS and SiS, H 2 S being a minor species (see Table 10 ). Assuming a solar elemental abundance, we conclude that 27 % of the total available sulfur is locked in gas phase CS and SiS molecules in the inner layers. The fraction decreases down to 7.6 % in the outer envelope, an evidence of sulfur depletion onto dust grains in the dust formation region. A fraction of the remaining sulfur could be in atomic form, but it is likely that the bulk of sulfur is in the form of solid condensates such as MgS (Goebel & Moseley 1985) . Several silicon-bearing molecules such as SiS, SiO, SiC 2 , and SiH 4 are present in the inner envelope, all them locking up to 5.6 % of the total available silicon. This small fraction, together with the fact that SiS (the most abundant Si-containing molecule) gets depleted by a factor of 2.3 after the dust condensation region, indicates that silicon massively condenses into dust grains, mainly forming SiC (Treffers & Cohen 1974) . We see no evidence of SiO depletion at the dust formation region in our SiO abundance profile. One would expect a depletion similar to that of SiS, silicon being a refractory element that is thought to easily condense onto dust grains in the envelopes of AGB stars (Schöier et al. 2006b ). This may result from our small sample of vibrationally excited SiO lines, which limits our sensitivity to the innermost layers.
The metal halides NaCl, KCl, AlCl, and AlF, and the cyanide NaCN are among the first metal-containing molecules detected in space (Cernicharo & Guélin 1987; Turner et al. 1994) . Metal-bearing molecules are rarely observed in the gas phase of the interstellar medium due to their large refractory character that make them to easily form solid condensates. Their presence in IRC +10216 is largely caused by the high temperatures and densities prevailing close to the star, where, under thermochemical equilibrium, a good fraction of metals are in the gas phase forming this kind of molecules. The derived abundances relative to H 2 in the inner layers are 1.8 × 10 −9 for NaCl, 7 × 10 −10 for KCl, 7 × 10 −8 for AlCl, 10
for AlF, and 3 × 10 −9 for NaCN. For some of these molecules the abundance has been decreased in the 1-3 R * region, in order to better account for the observed line profiles. The rationale for this abundance modification is related to the thermochemical equilibrium calculations, which for all these species show a strong abundance gradient in this region, with low values close to the stellar surface and higher values around the quenching region (see Fig. 13 ). For NaCl and KCl, the abundance decrease in this 1-3 R * region improves significantly the agreement between calculated and observed line profiles, indicating that these species are likely depleted close to the photosphere by at least a factor of ∼100 for NaCl and ∼2-3 for KCl. For AlCl and NaCN, the abundance decrease adopted in the 1-3 R * region affects only slightly the profiles of the observed lines, while for AlF no abundance modification has been adopted since line profiles are almost not affected. The observed lines of AlCl, AlF, and NaCN are therefore not sensitive enough to the abundance in this innermost region, and it cannot be excluded that these molecules have an abundance as low as predicted by TE close to the star. Vibrationally excited lines should allow to better probe this region.
The abundances calculated under thermochemical equilibrium are in reasonable agreement with our derived values, although some remarks should be made. For the metal chlorides NaCl and KCl, the derived abundances are higher by about one order of magnitude than the maximum values given by thermochemical equilibrium in the surroundings of the quenching region (see Fig. 13 ), something that could be indicative of nonequilibrium processes being at work to enhance the abundances of NaCl and KCl. In the case of AlCl and AlF, the derived abundances are in good agreement with the thermochemical equilibrium calculations, pointing towards the abundance of these two molecules being quenched at a radius of 2.6 R * . For NaCN, the analysis is not so obvious as the abundance calculated under thermochemical equilibrium shows a steep positive gradient that reaches the derived abundance of 3 × 10 −9 at a radius of ∼6 R * , somewhat farther than the typical quenching region located around 3 R * . The lack of chemical kinetics data on reactions involving NaCN makes it difficult to evaluate whether such a large quenching radius is still possible or not.
Metals are refractory elements, so that we expect metalcontaining molecules to deplete from the gas phase to incorporate into dust grains in the condensation region. Surprisingly, we find no evidence for such depletion except for KCl, whose abundance is found to slightly decrease from its value of 5 × 10 −10 in the inner layers down to 3.7 × 10 −10 at a radius of 2 × 10 15 cm. It therefore seems that the presence of metals in the gas phase is not just restricted to the warm inner circumstellar regions, but also to the cool outer regions where a non negligible fraction survives in the gas phase. Further evidence to this respect comes from the observation of other metal-bearing molecules in the outer layers of IRC +10216, such as MgNC (Guélin et al. 1993) , MgCN (Ziurys et al. 1995) , AlNC (Ziurys et al. 2002) KCN (Pulliam et al. 2010) , and FeCN (Zack et al. 2011) , and from the remarkable detection of gas phase atomic metals in the outer envelope of IRC +10216 by Mauron & Huggins (2010) . As already pointed out by these latter authors, metals must be mostly in solid state in the outer layers of IRC +10216 since gas phase species do only account for a relatively small fraction of the total available elemental abundance, 24 % as NaI and NaII and 0.14 % as NaCl and NaCN in the case of sodium, 5 % as KI and KII and 0.5 % as KCl and KCN as concerns potassium, and 1.4 % as AlCl, AlF, and AlNC in the case of aluminium. These small percentages are however remarkable, given the low temperatures prevailing in the outer layers, and are high enough to allow for a metal-based gas phase chemistry to take place. In the inner layers the situation should not be very different, as inferred from the derived molecular abundances, with metals being mostly in the form of solid condensates (only beyond the condensation radius) and gas phase atoms, and a small but sizable fraction being locked in gas phase molecules.
Isotopic ratios
For some of the studied molecules, a good number of transitions of rare isotopomers have been observed (see Tables 1-6) , allowing us to determine the corresponding isotopic abundance ratios. For each of these rare isotopomers we have adopted the abundance profile derived for the main isotopomer, decreased by the corresponding isotopic ratio, which is varied until the line profiles calculated with the radiative transfer model reproduce the observed ones. As compared with the previous method used to derive isotopic ratios from line intensity ratios (e.g. Cernicharo et al. 2000; Kahane et al. 2000) , the method used here, based on LVG radiative transfer calculations, can better, although not completely, deal with optical depth effects present in the lines of some main isotopomers. Such effects can be completely avoided by using optically thin lines of doubly substituted isotopic species, but such lines are weak and are observed with low signal-to-noise ratios, which may introduce large uncertainties in the derived isotopic ratios. Here, we have therefore focused on single substituted isotopomers. The derived isotopic ratios are given in Table 11 . Under the reasonable assumption of a similar excitation and spatial extent for two isotopomers, most of the errors that usually affect the determination of an abundance, cancel when deriving an isotopic ratio (see Kahane et al. 2000) . The estimated uncertainties given in Table 11 , therefore, neglect any error coming from the model and are simply based on the signal-to-noise ratio of the observed lines (of main and rare isotopomers), and on the sensitivity of the calculated line profiles to the adopted isotopic ratio.
We find an elemental 12 C/ 13 C ratio of 35 ± 3.5 from the observed lines of 12 CS and 13 CS (see Table 1 ), somewhat lower than the value of 45 ± 3 derived from intensity ratios of opti-cally thin lines of SiC 2 and CS (Cernicharo et al. 2000) . In the case of the sulfur isotope 32 S, we derive values of C 32 S/C 34 S = 16 ± 2.5 and Si 32 S/Si 34 S = 22 ± 2.5. The different values should result, rather than from 32 S isotopic fractionation which is unlikely in warm regions, from optical depth effects that are more important for CS than for SiS. We thus adopt the Si 32 S/Si 34 S isotopic ratio as a better proxy of the elemental 32 S/ 34 S abundance ratio. A similar situation is found for the sulfur isotope 33 S, for which we derive C 32 S/C 33 S = 83 ± 11 and Si 32 S/Si 33 S = 112 ± 12, the latter value being a better estimation of the elemental 32 S/ 33 S. The isotopic ratios found for carbon and sulfur are similar or slightly smaller than those previously derived by Cernicharo et al. (2000) from intensity ratios of optically thin lines. The fact that the 12 C/ 13 C and 32 S/ 33 S ratios derived here are somewhat smaller than those found by Cernicharo et al. (2000) probably indicates that our results are affected to some extent by optical depth effects. The usefulness of the method utilized here is clear in cases where optically thin lines (e.g. of doubly substituted isotopomers) are close or below the detection limit of the observations. This occurs in the cases of the 28 Si/ 29 Si and 28 Si/ 30 Si ratios, for which we find values (see Table 11 ) consistent with the lower limits given by Cernicharo et al. (2000) .
The 35 Cl/ 37 Cl isotopic ratio is found to be 2.9 ± 0.3 from the lines of NaCl, KCl, and AlCl, which is in between the value of 2.3 ± 0.24 found by Kahane et al. (2000) from intensity ratios of some lines of NaCl and AlCl, and the value of 3.3 ± 0.3 derived by Agúndez et al. (2011) from the modeling of the J = 1 − 0 to J = 3 − 2 lines of HCl. The low 35 Cl/ 37 Cl ratio found by Kahane et al. (2000) indicates that lines of NaCl and AlCl could be affected by optical depth effects, so that their calculated value based on line intensity ratios would be a lower limit to the true isotopic ratio. Table 2 ). We nevertheless find that the observed lines of these two rare isotopomers are consistent with the oxygen isotopic ratios 16 O/ 17 O = 840 and 16 O/ 18 O = 1260 given by Kahane et al. (2000) .
The isotopic ratios derived here, although systematically smaller, are very close to the solar values, to the exception of 12 C/ 13 C (see Table 11 ). since a bias towards smaller ratios is expected, due to the residual optical depth effects, we conclude that the elemental isotopic ratios 32 Cl in IRC +10216 are compatible with the solar values. This result is not unexpected since the central AGB star is not massive enough to form much S, Si, or Cl. The lower 12 C/ 13 C ratio found in IRC +10216, as compared with than in the Sun, is known to result from CNO cycle nuclear processing in the interior of the star .
Summary
Astronomical observations of the carbon star envelope IRC +10216 extending over the full frequency coverage of the IRAM 30-m telescope (80-357.5 GHz) have been analyzed to obtain accurate abundances for several molecules formed in the inner layers: CS, SiO, and SiS, the metal halides NaCl, KCl, AlCl, and AlF, and the metal cyanide NaCN. The observation of a large number of rotational transitions covering a wide range of energy levels, including highly excited vibrational states, allow us to derive abundances from the innermost layers out to the outer regions where molecules are photodissociated by interstellar ultraviolet photons. For some molecules, noticeably CS and SiS, we find that abundances are depleted from the inner to the outer layers, implying that they contribute to the formation of dust. The amount of sulfur and silicon locked up in gas phase molecules in the inner layers, 27 % and 5.6 % respectively, indicates that a major fraction of these elements is in the form of solid condensates, most likely as MgS and SiC, in IRC +10216's envelope. Metal-bearing molecules lock a relatively small fraction (a few percent) of metals. Nevertheless, we find that NaCl, KCl, AlCl, AlF, and NaCN, which all contain refractory elements, seem to maintain a surprisingly high abundance in the cold outer layers, where they can participate, together with metallic atoms, in a rich gas phase chemistry. The lines of rare isotopomers of CS, SiO, SiS, and some metal compounds have been analyzed, and we derive abundance ratios for rare isotopes of carbon, sulfur, silicon, and chlorine. The values obtained are in good agreement with previously reported values. They are consistent with the solar values, except for the 12 C/ 13 C ratio, which is more than twice smaller in IRC +10216 than in the Sun, in agreement with previous findings. (Cernicharo et al. 2000) . Line width parameter v exp has been fixed. 
